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Strain effects on excitonic transitions in GaN: Deformation potentials

W. Shan, R. J. Hauenstein, A. J. Fischer, and J. J. Song
Center for Laser Research and Department of Physics, Oklahoma State University, Stillwater, Oklahoma 74078

W. G. Perry, M. D. Bremser, and R. F. Davis
Department of Materials Science and Engineering, North Carolina State University, Raleigh, North Carolina 27695

B. Goldenberg
Honeywell Technology Center, Plymouth, Minnesota 55441
(Received 11 July 1996

We present the results of experimental studies of the strain effects on the excitonic transitions in GaN
epitaxial layers on sapphire and SiC substrates, with the emphasis on the determination of deformation poten-
tials for wurtzite GaN. Photoluminescence and reflectance spectroscopies were performed to measure the
energy positions of exciton transitions and x-ray-diffraction measurements were conducted to examine the
lattice parameters of GaN epitaxial layers grown on different substrates. Residual strain induced by the mis-
match of lattice constants and thermal expansion between GaN epitaxial layers and substrates was found to
have a strong influence in determining the energies of excitonic transitions. The overall effects of the strain
generated in GaN is compressive for GaN grown on sapphire and tensile for GaN on SiC substrate. The
uniaxial and hydrostatic deformation potentials of wurtzite GaN were derived from the experimental results.
Our results yield the uniaxial deformation potentibis=—5.3 eV andb,~2.7 eV, as well as the hydrostatic
componentsy~—6.5 eV anda,~—11.8 eV.[S0163-18206)06843-9

GaN-based llI-V nitride semiconductors currently attractsurements were conducted to measure the lattice parameters
extensive attention for their potential device applicatibiis. of GaN epitaxial layers grown on different substrates. The
It is known that GaN has a wurtzite structure in natural form,residual strain built in GaN epitaxial films induced by the
and has a wide direct band gap-e8.42 eV at 300 K, which mismatch of lattice constants and thermal expansion between
provides efficient radiative recombination. The wavelengthGaN epitaxial layers and substrates was found to play an
of radiation from GaN-based materials can be tuned over amportant role in determining the energies of excitonic tran-
wide range from visible to ultraviolet by alloying or forming sitions. The overall effects of the strain generated in GaN is
heterostructures, such as quantum wells, with other nitridesompressive for GaN grown on sapphire and tensile for GaN
(AIN and InN). These merits make IlI-V nitrides very attrac- on SiC substrate. The uniaxial and hydrostatic deformation
tive to short-wavelength optical applications such as lightpotentials were derived from the experimental results.
emitters and detectors operating in the blue and ultraviolet The GaN samples used in this work were nominally un-
wavelength range. The outstanding thermal and chemicaloped single-crystal films grown by metalorganic chemical
stability of the wide-band-gap nitrides also allows GaN-vapor deposition orf0001) 6H-SiC or basal-plane sapphire
based electronic and optoelectronic devices to operate aubstrates. AIN buffer layers were deposited on the sub-
high temperatures and in hostile environments. strates at about 775°C before the growth of the GaN

Great efforts have recently been devoted to the preparapilayers:®> PhotoluminescencdPL) measurements were
tion of high-quality GaN crystals and epitaxial films, the conducted with either a cw HeCd lasé825 nnm) or a
characterization of GaN crystals and films, and the developfrequency-doubled At laser (244 nm as the excitation
ment of devices using GaN-based materials. In the course &ource and a 1-M double-grating monochromator connected
these studies, a number of investigations on the optical proge a photon-counting system. For reflectance measurements,
erties of GaN have revealed that there is a relatively largéhe quasimonochromatic light dispersed b¥-sl monochro-
difference in the reported values of observed energy posimator from a xenon lamp was focused on samples, and the
tions of excitonic transitions in Gaf!! It is found that the reflectance signals were detected using a lock-in amplifica-
energy positions vary from sample to sample depending otion system. To determine the lattice parameters of GaN ep-
the epitaxial layer thickness, growth techniques and substraftaxial films, four-crystal x-ray rocking curves were mea-
materials. Such discrepancy has been attributed to the effecssired. Absolute lattice parameter measurements were
of residual strain in the epilayers due to the mismatch ofperformed in the triple-axis mode of a Philips high-
lattice parameters and coefficients of thermal expansion beesolution diffractometer with four-bounce G220 incident
tween GaN and the substrate materfais!?In this report, beam optics and three-bounce @20) diffracted beam op-
we present the results of experimental studies of the straitics. The resolution limit of this configuration is10 arc sec.
effects on the excitonic transitions in GaN epitaxial layers onThe high resolution of the triple-bounce analyzer crystal and
sapphire and SiC substrates. Photoluminescence and refldbe steps taken to eliminate inaccuracies due to thee?o
tance spectroscopies were performed to examine the effectsror as well as sample centering account for the limit. The
of strain on the exciton transitions in the GaN epitaxial ma-data were collected usingizv scans, with corrections made
terials on sapphire and SiC substrates. X-ray-diffraction meafor refraction. The accuracy of lattice parameters measured
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FIG. 1. Near-band-edge exciton luminescence spectra taken FIG. 2. Reflectance spectra of the exciton transition region of
from a 3.7um GaN epilayer on SiC and a 4:2n GaN epilayer on  the MOCVD GaN/SiC and GaN/sapphire samples at 10 K. The
sapphire at 10 K. oscillatory structures at lower energy are interference effects caused

by the heterointerface.
using this system is predicted to be better than 0.0002 A. The
high resolution of the triple-bounce analyzer crystal and thgparameters and coefficients of thermal expansion between
steps taken to eliminate inaccuracies due to theeto error  GaN and the substrate materi&fs:*?
as well as sample centering account for this. The lattice pa- Because of the inevitable occurrence of strain relaxation
rameterc was measured using tti@02) reflection ancda was by the formation of a large density of dislocations, it is gen-
measured using both tH802 and (015 reflections. erally difficult to separate the strain effects caused by lattice-

The GaN-based samples studied in this work all exhibitparameter mismatch from the ones involving thermal-
strong near-band-edge exciton luminescence. Results of Réxpansion mismatch so as to exactly determine their
measurements from a 3gim GaN epilayer on SiC and a influences on the optical properties of GaN epitaxial layers.
4.2-um sample with sapphire substrate are shown in Fig. 1However, by comparing the observed exciton transition en-
The intensity of the strongest emission line markedbyin ergies in GaN epilayers deposited on sapphire and SiC to the
Fig. 1 was found to decrease much faster than that labeleenlues(3.4751, 3.4815, and 3.503 g¥dbtained from virtu-

FX as the temperature increased. It became hardly resolvabidly strain-free bulk GaN reported in Ref. 6, one can infer
at temperatures higher than 100 K. Such variations of thé¢hat the overall effects of residual strain generated in GaN on
luminescence intensity as a function of temperature indicateapphire is compressive, which results in an increased band
that the emission line can be attributed to the radiative regap, while that induced in GaN on SiC is tensile, which leads
combination of excitons bound to neutral donbiBhe sec- to a decrease in measured exciton transition energies. This
ond strongest luminescence structure, together with the weakas further confirmed by x-ray rocking curve measurements.
emission feature on the higher-energy side, are a radiativEhe lattice parameters were determined toale3.1848 A
recombination of the intrinsic free exciton. As clearly illus- and c=5.1879 A for the 4.2um GaN on sapphire and
trated by the figure, the values of PL transition energies oba=3.1900 A andc=5.1840 A for the 3.7xm GaN on SiC,
tained here from GaN on an SiC substrate are lower thasompared to the lattice parameters @f3.1891 A and
those from GaN on sapphire. The energy positions oBtKe ¢=5.1855 A for strain-free Gal Therefore, the results
peak andFX peak are 3.4634 and 3.4693 eV, respectively presented here lead to the conclusion that residual strain in-
for the GaN/SiC sample, and 3.4790 and 3.4845 eV, respeciuced by thermal-expansion mismatch in GaN-based epitax-
tively, for the GaN/sapphire sample. Figure 2 shows thdal layers has the prevailing influence on the energy varia-
comparison of the reflectance spectra taken from the sant®ns of exciton transitions, since lattice-mismatch induced
two samples at 10 K. Three exciton resonances associatetrain is of the opposite sign and hence would have the op-
with the transitions referred to as tide B, andC exciton  posite effect on the variation of GaN band gap from that
transition§~’ between the bottom of the conduction bandobserved.

(T'$) and three topmost valence-band edgegT'Y+T'Y) The observed strain shifts in excitonic transition energies
are indicated by vertical arrows. The energy positions ofpermit a direct estimate of the deformation potentials, includ-
these transitions are 3.470, 3.474, and 3.491 eV, respemg both hydrostatic and uniaxial components for wurtzite
tively, for the GaN/SiC sample while the corresponding val-GaN. The strain Hamiltonian of a material having a wurtzite
ues, 3.485, 3.493, and 3.518 eV, were obtained for GaN ostructure is given by PikuS. Under the assumption of a
sapphire. Such systematically observed differences in excstrain-independent and isotropic spin-orbit interaction, the
ton transition energies have been attributed to the effects afnergies of the three free excitoAs B, andC can be de-
residual strain in the epilayers due to the mismatch of latticescribed a&’



13 462 BRIEF REPORTS 54

EA=EA(0) +ay€,,1 ay( et €yy) +bie,,+ by eyt Eyy)(,l) 3.54 s .
Ep=Ep(0) +are,,+ ol et €yy) e 5
352 ]
+ A [bre,,bo(€xt eyy)]a 3] -
Ec=Ec(0) +a1€,,+ ax( eyt 6yy) E 3.51 _
+A _[bie,bo(ext Eyy)]v ) 5 8.0 _
. . - Q r ]
whereE;(0) represents strain-free exciton transition energy, 5 s49F ]
a andb are deformation potentials, and tlag are compo- ; :
nents of the strain tensor for the GaN film. Since the energy S48t O Aexciton
variation given in Eqs(1)—(3) by a, anda, is analogous to aa7f N g:‘(ﬁ'&g’; E
the hydrostatic shift of a cubic semiconductay,anda, are : | ]
combined hydrostatic deformation potentials for transitions 3.46 — B
between the conduction and the valence bands, vishiend 10 ®  ~Axis Stain (11094) 520
b, are uniaxial deformation potentials characterizing the fur- 358 (et
ther splitting of the three topmost valence-band edges for : f ]
tension or compression along and perpendiculaOfa0l), 353 F ]
respectively. Since the growth direction of our epilayers is 252 : GaN/Sapphire | GaN/SIC ]
the z axis, the strain components are described by - (Compression) (Tension) ;
Exx™ Eyy= €= (as—ag)/ag, €,,=€,=(Cs—Co)lCy, (4) E
wherea, andc, are lattice parameters for strain-free bulk 3
GaN, anda andc, are those for the strained GaN epilayer. ?g
Under biaxial-stress conditions, the componentg,f €., L
ande,, are related through the elastic stiffness coefficients as
€, = —2C14/Czz¢,. The coefficients . represent the mixing
of valence-band orbital states by the spin-orbit interaction . 5
and are given by’ N S T DU
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whereA, is the crystal-field splitting of th&, andT’, orbital a-Axis Strain (107)
states,A, and Az are parameters which describe the spin- G, 3. The measured excitonic transition energies from GaN
orbit coupling. In principle, one has to know the values of samples used in this work as a function of relative in-plésiaxial)
these three band-structure parameters, in addition to the detrain (lower portior as well as the relative strain along thexis
formation potentials to predict strain shifts from EqB—(3)  (upper portion. The exciton transition energies of strain-free GaN
above. This approach is complicated by the lack of consiswere included in the figure for reference. The solid lines are the best
tent numerical values for the parameteks,*81918-20Fgr-|inear fits to the experimental data.
tunately, Egs(2) and (3) only require a knowledge of the
ratio, y=A4/(A;—A,), rather than the individual numerical A similar approach allows us to relate the combined hydro-
values for these parameters. By plotting the observed excbtatic deformation potentiaks, anda, to each other as
tonic transition energies against the residual strain in Fig. 3, a;— C33/C138,=37.9 eV, (7)
we were able to obtain a value 6f0.531 for y from the
slopes of the solid lines in the figure.

The observed shifts in excitonic transition energies rela

by subtracting the contribution of uniaxial component of
strain from the total-energy shift induced by strain. Based on

tive to the values of strain-free GalRefs. 5, 6, and Bresult the fact_s th_at the §t_rain—causeq total-energy shift relative .to
from an overall effect of strain on the band gap which in-the excitonic transition energy is very small and thglezlzastlc
cludes contributions from both hydrostatic and uniaxial com-Properties of GaN are of quasicubic natu@{~Csg),™
ponents of the stress. To determine the respective values f¥f€ found that it is appropriate to estimate the numerical val-
the uniaxial and hydrostatic potentials of wurtzite GaN, one
has to separate their contributions to the energy variations iB
observed exciton transition energies under strain compar
to the strain-free case. By taking the differences between the

TABLE I. Values of measured excitonic transition energies and
ilt-in residual strain for GaN on SiC and sapphire, together with
ose for strain-free bulk GaN.

experi'mentally o_btained values of each .ind'ividual excitonic GaN/sapphire GaN/bulk GaN/SiC
transition according to Eq$1)—(3), the uniaxial component :
of strain-induced energy shift of the conduction-band edgd hickness(um) 4.2 7.2 >100° 3.7

relative to the valence-band edges can be readily separatége*citon(eV) 3.485 3.491 3'47§50 3.470
from the total energy shift. With linear fits to the whole set of B exc'_tton(e\\? g'gig g'ggg glj,ggig g'j’;‘l‘
data listed in Table | using the least-square fitting, our resultS €XCton (V) : ' : '

— 4 _ _
yield the relationship of the uniaxial deformation potentials (10 _2 13.2 17.9 0 3.1
b, andb,: e (107 5.5 8.9 0 -1.9

b;—C33/Cqsby=—15.2 eV. (6)  ®References 5, 6, and 8.
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ues, within the range of linear dependence on strain, for thaally, we note that these in principle should represent an
uniaxial and hydrostatic deformation potentials using quaupper limit for the deformation potentials since they were
sicubic approximatiof? with b,~—2b,, and a,—a,~2b,.  evaluated by using the value of the lattice parameters mea-
The uniaxial deformation potentials are readily estimated tgured at room temperature to fit optical data obtained at 10
beb,;~—5.3 eV andb,~2.7 eV, using the value§,;;.=106 K. The bgilt-in resid_ual strain is generally expecyed to in-
and C,;= 398 GP&? The uncertainty of the above estimates crease with decreasing temperature due to the difference of
is ~15%, originating primarily from experimental error in thermal expansion coefficients between GaN epilayers and
the precise determination of lattice parameters. Our numergUPstrate materials. _ _
cal values are comparable to the results reported for the ma- N conclusion, we have studied the effects of residual
terials with similar crystal structures such as CdS andr@in in GaN epitaxial films using spectroscopic methods
ZnO1"?* as well as recently reported values for Gaf. compmed with x-rqy-d.lffractlon measurements, v_\nth the em-
Additionally, the numerical estimates fa&, and a, are phasis on determination of defprmatlon potentlals. Str_o_ng,
readily determined, once the values frandb, are known. §harp spe<_:tra_| structures associated W|_th exciton tra_m3|t|0ns
Our results yieldy,~—6.5 eV anda,~—11.8 eV. in GaN epitaxial layers grown on sapphwe and 6H-SiC _syb-
It should be pointed out that the results of deformationStréles by ~ metal-organic ~chemical-vapor — deposition
potentials calculated using Eq§) and(7) are dependent on (MOCVD) were observed in photoluminescence and reflec-
the numerical values of the elastic stiffness const@atsand tance spectra. The observation of exciton transitions with

Cas especially for the hydrostatic parameters. For instancd®Wer €nergies in GaN grown on SiC, and whigherener-
the respective values @ anda, could be as large as20 gies for the same transitions for GaN grown on sapphire, in

eV if values,Cys= 158 andCqs= 267 GP&! are used. For- comparison to those obtained from strain-free bulk GaN,

tunately, we were able to make a comparison of the estisuggests that residual strain in GaN epilayers resulting from

mated deformation potentials, obtained using variously relattice-parameter and thermal-expansion mismatich plays an

ported values foiC,; and C4s with our previous work, in important role in _deter_mining the precise exciton transition
which a value for the “effective hydrostatic deformation po- €N€rgies. X-ray-difiraction measurements were performed to
tential” a of —9.2 eV for theT band gap of GaN was deFermme the \_/arlatlons in th_e lattice pa_rameters of GaN
determined® The value ofa was determined by direct ap- €Pilayers on SiC and sapphire, respectively. Our results
plication of hydrostatic pressure. The reason for the termCl€@rly indicate that GaN epilayers grown on SiC exhibit
effective hydrostatic deformation potential is that, strictly basal tensile strain, while those on sapphire substrates are
speaking, it is the stress, b(for the wurtzite structurenot under biaxial compression. Bgsed on th_ese results,_the values
the strain, that is isotropic, so that the terms involvingand of the four prmmpa_l deformation potentials of wurtzite GaN
b, will contribute slightly in Eqs.(1)—(3). Thus, we regard Nave been determined.

the results ofb;~—5.3 eV andb,~2.7 eV as well as This work at OSU was supported by AFOSR, DARPA,
a,~—6.5 eV anda,~—11.8 eV as consistent and more ac- ONR, and ARO. The work at NCSU was supported by ONR
curate estimates, given the assumptions described above. kirder Contract No. N00014-92-J-1477.
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